The modulation of the interaction between the atoms in a matter-wave soliton in a quasi-onedimensional optical trap triggers an emission of correlated atom jets. We characterize the dependence of jet properties on the frequency, amplitude and length of the modulation, and qualitatively reproduce the trends in the mean-field picture with a one-dimensional time-dependent Gross-Pitaevskii equation simulation. High-order jets are observed for sufficiently long pulses, a double-pulse modulation sequence produces consecutive jets, and a multi-pulse sequence may lead to irregular jets at a finite angle to the direction of the channel. Finally, possible number squeezing of the jet pairs is investigated.
Periodic modulation of parameters of a physical system often leads to novel phenomena. Cold-atom systems offer excellent control of the trap geometry and interactions and are therefore extremely suitable for such studies. These range from resonantly exciting quadrupole modes in a trapped Bose-Einstein condensate (BEC) by modulating the interatomic interaction [1] , to parametrically amplifying the Faraday waves in a BEC by modulating the trapping potential [2] or the interaction [3] , and creating synthetic gauge fields and various topological effects by modulating optical lattices [4] . Harmonic modulation of the interatomic interaction in a BEC stimulates collisions between the atoms and can lead to emission of matter-wave jets, as first observed in a two-dimensional trapping geometry [5] . The emission is preceded by the emergence of strong density waves in the condensate [6] . Intricate angular correlations arise in the two-dimensional case [7] , making the interpretation of the involved processes difficult. The attempts at explaining the origin of the jets and their properties have employed a variety of theoretical approaches of different levels of sophistication with varying success [8] [9] [10] .
In this Letter we present the observation of jets emitted from a matter-wave soliton in quasi-one-dimensional (quasi-1D) geometry. First and second order jets are observed with a single modulation pulse and consecutive jets for a double modulation pulse. For multiple modulation pulses irregular jets appear, seemingly oblivious to the quasi-1D confinement. All stages of the Bose jet emission are captured in a simple model based on the 1D Gross-Pitaevskii equation, giving an insight into the dynamics of density waves that precede the emission. Additionally, the twin-jet number correlations are investigated to determine if the pairs exhibit number squeezing.The absence of complex angular dependence makes these observations much more straightforward than in previous experiments in 2D [5] [6] [7] .
We start by making a BEC of about 5000-10000 133 Cs atoms in a crossed dipole trap, from which we release it into a channel with radial frequency ω r = 2π·101 Hz and a weak axial anti-trapping potential with "frequency" 2π·3.33 Hz. Via the broad s-wave Feshbach resonance with zero crossing near 17 G [11] we tune the scattering length from positive (repulsive interaction) to slightly negative (attractive interaction) to obtain a bright matter-wave soliton [12] , a nondispersing wave- packet that forms due to the nonlinearity of the interatomic interaction [13] [14] [15] [16] [17] [18] [19] [20] . Solitons maintain their density when released into the channel, ensuring stable conditions during the experiments.
After releasing the BEC into the channel we modulate the scattering length for a finite time t p as a(t) = a dc + a ac sin(2πνt), see Fig. 1(a) , or we generate pulsetrains, see Fig. 1(b) . Here, a ac and ν are the amplitude and the frequency of the modulation, while a dc is the solitonic scattering length. In a typical experiment, modulation frequencies range from 600 Hz to 11 kHz with amplitudes of up to 120a 0 , where a 0 is Bohr radius. The modulation of the interaction triggers the emission of matter-wave jets from the soliton. A typical time evolution for a single pulse is shown in Fig. 1(c) . The BEC symmetrically emits two pairs of jets with different velocities. The outer pair ("second-order" jets, J2) is twice as fast as the inner pair ("first-order" jets, J1). Fig. 1(g) shows the frequency dependence of the kinetic energy of the atoms in J1 and J2. Atoms forming J1 have kinetic energy exactly hν/2, those in J2 exactly 2hν, where h is the Planck constant. From energy and momentum conservation it follows that J2 forms from the atoms in J1, rather than from the atoms in the central BEC, in fact, two J2 jets form from each J1, with half the atoms remaining inside the central cloud with zero velocity [see In order for the jets to form, the amplitude of the modulation must exceed a threshold value of a th ac , defined in Ref. 5 as the balance between the excitation and escape rates of the ejected atoms. The frequency dependence of the threshold [ Fig. 1(h) ] follows the square root function, just like in the two-dimensional case [5] . Importantly, the interaction between the atoms depends not only on the scattering length but also on the density of atoms. Therefore, to account for atom number and thus density fluctuations in different experimental runs, the interaction modulation in Fig. 1 (h) is given as a dimensionless product N a/a r , where N is number of atoms in the soliton and a r = /mω r harmonic oscillator length with reduced Planck constant and atomic mass m. In the double-pulse case we observe that an additional jet J1' is generated by the second pulse [ Fig. 1(d) ]. It has the same initial velocity as the first J1. After the second pulse the condensate is too depleted and the threshold cannot be exceeded to create a third "first-order" jet.
For a ac above the threshold, the number of atoms in the jets as a function of the pulse duration t p first exponentially increases and then slowly saturates. The exponential growth is characteristic for bosonic stimulation [22] and the saturation happens due to the depletion of the central BEC: with decreasing number of atoms in the cloud the frequency of collisions decreases and the jet formation processes gradually become rarer until they completely stop. The ratio between the number of atoms in the fully-formed jets and the total number of atoms is shown for different modulation amplitudes a ac in Fig. 2(a,b) for J1 and J2, respectively. The number of atoms in jets rises more slowly with increasing t p and to a lower final value for lower a ac . No atoms are emitted below some threshold value, as clearly observed for J2 for the lowest value of a ac shown. If a ac is increased beyond a certain "optimal" value the saturated number of emitted atoms starts decreasing as seen in Fig. 2(c) for three different frequencies; at higher frequency the optimal a ac is higher. At high amplitudes beyond the optimal value the losses from the condensate increase significantly and we observe a pronounced diffuse background in addition to the central BEC and the jets.
The dependence of the number of atoms in J2 on number of atoms in J1, Fig. 2(d) , allows us to determine the minimal number of atoms in J1 required for the formation of J2 at a chosen modulation amplitude. For the case in Fig. 2(d) no J2 are observed while the number of atoms in J1 is under 1300. Above this line the threshold for the formation of J2 is exceeded and the number of atoms rapidly increases. The delay between the formation of J2 and J1 [ Fig. 2(a, b) ] has the same origin: J2 only form after enough atoms have accumulated in J1 to surpass the threshold. Figs. 2(a, b) indicate that jets cannot form if the modulation pulse is too short. Nevertheless, it is possible to generate jets by exciting the BEC with a train of several short pulses of length t p separated by time delays t d , see Fig. 3(a) . The total duration of the pulse train is fixed, meaning that there are more pulses in trains with shorter t p and t d . From the results one can establish a phase diagram Fig. 3(f) . In the blue region the jets are emitted after a single pulse, in the green region after multiple pulses, while in the white region no jets are emitted.
The red diamond in Fig. 3 (f) marks a special case where we do not observe the jets along the direction of the channel, but at a finite angle, as shown in Figs. 3(be) . The angle of these irregular jets appears to be random, and multiple jets can also be observed as shown in Fig. 3(e) . They have insufficient energy to escape the confinement potential, thus they oscillate in the channel and can only be observed after an appropriately long time-of-flight (usually 15 ms).
Microscopic processes responsible for the ejection of atoms have been identified to be photon-stimulated twoatom collisions [5] . This can be modeled through Bogoliubov approximation by separating the field operator into negligibly-depleted condensate and an excited-mode field [5] , through more involved methods [8, 10] , or by numerically solving the time-dependent Gross-Pitaevskii equation (GPE) [6, 23] . Here we used the latter approach in 1D [24] . We find that all aspects of the problem are captured correctly in this simple picture: the formation of the density modulation and its exponential growth, the emission of the jets (including the formation of the higher-order jets J2), the frequency dependences of density-wave wavelength and kinetic energy of the jets, the existence of various thresholds, as well as the qualitative functional forms of all dependences shown in Figs. 1, 2 . We have furthermore studied the time-evolution in the full 3D problem with realistic parameters, confirming the dominant 1D character of the density-wave and thereby validating the simplified 1D modelling; to fully explore the 3D case further study is required. Fig. 4 (a-e) shows snapshots of the condensate density n = |ψ(x)| 2 for a single pulse modulation sequence at five moments: (a) initial state, (b) emerging density-wave, (c) strongly perturbed condensate at the moment of the jet ejection, (d) resulting J1 and J2 jets showing residual density modulation, (e) asymptotic state with one stationary soliton and two pairs of traveling solitons. We also show the time-dependence of the amplitude of the central soliton in Fig. 4(f) and the amplitude of the density modulation in Fig. 4(g) for three different modulation sequences. Interatomic interaction is given as a dimensionless parameter k = N a/a r , modulation frequency as ω = 2πν, time in units 1/ω r and distances in units a r . In the early stages, the BEC slightly changes its shape due to the rectified effect of the modulation [visible as the relaxation of the soliton amplitude up to t ≈ 12 in panel (f)], and hardly perceptibly expands and contracts as a whole, i.e., the breathing mode is being excited. The density modulation with wave number q = mω/ becomes appreciable for t 15. The jets start to form at t ≈ 25 [blue in (f, g)]. The density-wave amplitude starts to decay when the modulation pulse ends at t p = 8π and eventually the waveforms of both the central peak and the jets J1 and J2 tend toward smooth soliton-like lineshapes (but never reaching the ideal 1/ cosh(x) form). If the driving modulation ends prematurely, the density wave disappears, no jets are emitted and the BEC returns to the initial solitonic shape [red in (f, g)]. However, a second driving pulse after a sufficiently short delay can revive the almost extinguished density wave leading to jet emission [green in (f, g)]. These examples give further insight into the boundary between the green and white region in Fig. 3(f) . If the delay t d between the modulation pulses is short, so that the density wave decays only partially, jets are generated (green regions), otherwise they are not (white region). For longer pulse times t p the density wave amplitude is higher and takes longer to decay. The boundary between the two regions is linear, because growth (during time t p ) and decay (during time t d ) of the modulation both have exponential time dependence.
Because of the momentum conservation during the jet emission process one naturally expects the same number of atoms in the left and right jet (N L and N R ). Random processes such as interatomic collisions that produce matter-wave jets exhibit Poissonian statistics, which means that the variance of the number of atoms in either jet should be the same as its average over many measurements N L ( N R ). If the left and right jet were created independently, the sum N + = N L + N R and difference N − = N L − N R would also have Poissonian distributions with variance N + . But because the jets form with pairwise collisions of condensate atoms the number difference is no longer random and its variance should be below the shot-noise (sub-Poissonian). Accordingly, the conjugate variable N + should have a variance larger than shot-noise (super-Poissonian). This is known as number squeezing, which is often a precursor for many-body entanglement [25] [26] [27] [28] [29] . Fig. 3(g) shows the number difference between the left and right J1, N − , and total number in J1, N + , over 230 measurements. The standard deviation is well beyond the shot-noise N + ≈ 47 in both cases (135 for N − and 247 for N + ), which we attribute to detection noise which is already larger than the shot-noise at σ det ≈ 88 [see Fig. 3 (h) for comparison between different cases]. Even with subtracted σ det the N − fluctuations are still above N + . Additional contribution to the noise could arise from asymmetric formation of J2 jets, i.e., if more atoms go into second order from the left J1 than from the right J1 or vice versa. On the other hand, N + clearly has wider distribution than N − in Fig. 3(g) , suggesting number squeezing even though the sub-Poissonian distribution cannot be directly proven at present. Decreasing and precisely quantifying the detection noise in the future experiments will be necessary to prove that sub-Poissonian number fluctuations are indeed present in our system. If so, further studies of entanglement will become possible [30] [31] [32] .
Our experiment demonstrates the emission of matterwave jets from a self-trapped BEC (soliton) due to the modulation of interatomic interaction in quasi-1D confinement. In addition to a single-pulse experiment, in which first and second order jets are created, the doublepulse experiment creates two consecutive first order jets, implying a possibility of multiple consecutive jets. With a high enough number of atoms in the initial condensate one could in principle perform the experiment shown in Fig. 1(b, d) with more than two pulses and thereby create a pulsed atom laser with two correlated beams, a powerful new tool for precision measurements. In multipulse experiments new, irregular jets emerge, indicating that in some cases the confinement does not define the direction of the jets, which merits further investigation. Furthermore, we show that a relatively simple numerical calculation fully predicts the qualitative behaviour of the jets and additionally shows the emergence of density waves before jet emission. The simplified 1D geometry removes the angular complexity of previous 2D experiments, making further analysis more straightforward, as exemplified by the number correlation measurements. The results indicate possible sub-Poissonian number fluctuations, which at present remains obscured by the detection noise. In further work an improved imaging system should provide a clearer insight into number squeezing and possible entanglement of jet pairs.
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